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ABSTRACT Spin-label studies were carried out on Neurospora -
mitoehondria under _igvivo'and in vitro labeling'conditions“. : A o
lorig.- chained spin.— labeled fatty acid was inco‘rporated' hy Neuro-

spora and was found in mitochondrial phosphohp1ds The molec- -

- ular motlon at various temperatures was d1fferent from that for the‘

same spin label under in vitro lab_elillr_.lgv,cond_ltlon_s‘.” The r~esult,sfor
spiri-labeled mitochondria were compared with those from iso‘iated
' lipids:.»and-with those from aggregates of spin-labeled fatty acid an_d
isolate'ci.rrlitochondrial structural protein. These comparisons ,sug_—
gest that there is a maximum interaction between lipid elerﬁents-
~and a‘mi_'nim_urn_- interaotion between the lipid -arid protein elerne_nts

in the intact mitochondrial membranes.

1.Present address: Institute of Animal -Genetic's, University of '
Edinburgh. : ' ’ o

*
Present address: Department of Biophysics, The Pennsylvan1a
State University, University Park, Pennsylvama 16802.
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INTRODUCTION

Electron spin resonance (ES‘R)- employin‘g’ﬂs'piri labelé (ﬁit;oxides) is

Well suited to studying biologicél membranes. Potentiaily, informa-
tion can be obtained about the freedom of moiec_:ular motion, local en-
Viror_lm‘ent,' anisotropic motion, and physicial state of the slpin-labeled
Iﬁole.culé (éee Refs.. 1-3 for.revieWs)._ An appropriate Spin label will
relativély ac'cu'vrately' refjlect these data about the skeléton of the mol-
ecule to which the spin 1abe1 is attached. A |

There are several fepo‘rts" of experiment.s in which a spin label was

added directly to a biological sample, and much useful information has

been obtained in this way. Under ideal conditions it is also possible

to su’pply a suitable spin-labeled molecule and haye' it inéorpo rated dur-
ing growth by the organism. A .s'pin-llabeled fatty acid was previoﬁsly
added in vivo to study Neurospora mitochondria (4). This sytem is ex-
plored.in'greater depth in this report in an attempt to obtain useful in-
formation about membranes.’ |

Many ideas and models concerning membrane structure and function
have been expressed during recent yéars. The best Known of the struc-
tural models is the bilayer model, which depicts a minimum association,

polar in nature, between the protein and lipid elements of membranes

 (reviews 5-7). We have compared our results with this .widely accepted

model. Several other workers have expressed a variety of viewpoints

about the interaction between the lipid and protein elements of mem-

‘branes (reviews 8,9). Consequently, even though many of the investi-

gations on which these models were based were highly sophisticated,

the fundamental problems remain unsolved. One of these, the nature
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of the assoc1at1on of the 11p1d and prote1n elements of membranes,_ 1s .

. 1nvest1gated by the use of sp1n labeled 11p1ds, and is the subject of

K th1s repo rt.

MATE RIALS AND METHODS

F1fteen hundred ml of Neurospora rn1n1mal med1um, supplemented with
0. 25% yeast extract and 1% Terg1tol (Union Carb1de NP- 40), was in-
cubated w1th 7X 105 conidia pe,r ml. Fifty mg of 12 nitroxide stearate
(12NS) in 1 ml of ethanol vl/as added at zero time. Neurospora was |
grown for 16 hours in a rotary shaker at 34° C. The mycelium from
the growth med1um was: stramed through cheesecloth and squeezed dry.
The average we1ght of mycehum under these cond1t1ons Was about 20 g
.'I‘he m1tochondr1al 1solat10n procedure is presented in deta11 elsewhere
(10); th1s procedure is br1efly described below The mycehum \xras
-then ground w1th 6 g of washed glass beads per g of mycelium- and 200
ml of 0.25 M sucrose in an Eppenbach micromill for one m1nute at
speed 110 and a pore setting. of 64 | ‘The hornogenization \&as carri'ed“ '
out at 4° C and the mitochondrial extraction at as near 0°C as possible.
The homogenate was vacuum—flltered through several layers of towel-
ing to remove glassvbead.s and mycelial fragments. The mitochondr—la
were sepa'-rated frorn this brei by differential _.centrifugation. Heav.yv‘ o .
contaminating particles were sedimented at low speed; the mitoichon-&
dria were sedimented from the supernatant at high speed and were furb—
ther purified on a continuous sucrose gradient followed by a final wash

and centrifugation. Marker enzymes were used to show that this mito--

chrondrial preparation was not contaminated by other cell fractions (10).
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Structural ﬁréﬁein isolated from Neurospora mitochondria was gene.r.'
ously sﬁppliv"evd by Prof. Patricia St. Lawrence.
_The,.syn’chesis, ’general" chemical properties, and biological use of

12NS

0o=N"0

N
C—=C
71

(I2NS)

XBL69II-627I

are described elsewhere (11). The same synthetic p.rocedur.e, with
' ‘acetone as the starting material, was used for 2 nitroxide propane

'(ZNP):

(2NP)

XBL6E9II- 6270
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A Varian"X'-'-band electron par‘amagnetic resonauce soectrometer equtp-‘ :
| ped with the. Var1an variable- temperature accessory was used for all
measurements The temperature accessory was cal1brated w1th an tron- -
constantan thermocouple to an estimated accuracy of 1. 5° C.

R_ESULTS , o
Moleéular freedom of motio_h is related quantitatvive_lyl in .ESR to rota-
- tional correlation time ('r(‘:) of the nitroxide 'spin-laheled molecule.. The
general theory and derivation of %C -expressions were giveu hy Mcéou-
nell (12)‘_ _arid later, in more detail, hy Kivelson (13). Ovne‘ form of the_se'

- equations is

r - ™3 W [4AYH+P-]-1 [V—Li- 1] L (}'1)
‘c b 15 8| WO' | :

‘Here Ay is a constant that depehds on the anrsotroplc g values, b is a N
constant that depends on the amsotrop1c n1trogen hyperﬁne couphngs-
.,(A ), H is the laboratory magnet1c f1eld and WO and W g ‘are the
widths of the mid- and hlgh f1e1d lines. When the parameters of Gr1f—
fith et al. (14) for b and AY are used and H'is ma1nta1ned at 3400 gauss,'
this express1on reduces to |

w

w ' _ -
T = 6.5x10'10W l—i— ] y (2)
c : 0 0 .

where W0 is in gauss. For convenience of measurement the ratio

)1/2, where ho- and h , are th_e

-1 -1

heights of the mid- and high-field lines on a first-derivative absorption

w_ 1/W0 carl be replaced by (hO/h.

spectrum. - It is empirically estimated that the actual numerical values

may be off by as much as a factor of two or three but that the relative
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values for purposes of comparison are quite accurate.

Mole‘cular Motion.v

Flgure 1Shows examples of ESR spectra that reflect different states

of molecular motioh. “Figu.re 1a girres a tjplcal. spectrum ot quite rap-
id motiorrl_n w'a.ter var'ld F1g 1vb .give.s th.e"'s.am'e geheral type of sPec-ﬂ
trum of the vs‘ame nit‘roxiv_de épin label in octade_cahe. The only differ-
ence betw.-eeh the two spectra ;ivs that' the coupling -constarlt for F1g la_ :
‘is considerably greater than that to_r Fig.k 1b. Thie refle_cta the »po-'-.
vlarity ofith‘elllo.cal en.vironment of the .nitroxi.de Sp‘ivﬁ labelv Figure 1c

' 1llustrates a spectrum that has bcons1derab1y reduced molecular mot1on.
The observat1ons on line shapev reported in this paper all fall between |
the two extremes of Fig. 1a and 1c. The spr,n-la_beled fatty ac1d
: (12NS) .Was ih'corporated into mito'chohdrla by éroWing Neurospora rn"y- ,
celium, and resulted in the same general ESR Spectra as prevmusly
reported (4) The sp1n-1abe1ed fatty acid gave an ESR S1gnal‘ reflectmg
a'relatively fluid local e.nvironment-nof the spin label in th‘_e mitochondria
(Fig. 2). As an example Aof :What th_ie signal means in terms of molec-
ular 'motion', the ESR signal taken at 30° C from mitochondria that were
sp1n labeled dur1ng growth (in vivo), can be‘approx1mately duphcated
by the 81gna1 from 12NS in glycerol at 60° C. This comparison mlght
not be completely valid, since the bulk wsc031ty may not co1nc1de w1th
the local viscosity; however, it is helpful to consider that the viscosity
of glycero_l,at 60° C approx1mates the v1s.cos1ty of the local env1ronnient
of 1:2NS.in_. the mitochondria. |

A's temperattire increased, the motional freedom of 12NS increased both

in the mitochondria and in all other preparations, and decreased as
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| temperature decreased No sharp d1scont1nu1t1es or anyth1ng that
could be 1nterpreted as phase transitions in response to temper-b
ature changes were observed in any of the samples. D1fferen¢es
vwere noted, however, between the 1nv_1v_q and in ‘th_ro_ spin-labled -
mltochondrla (Flg 6) Lyoph1l1zat1on d1d not seem to alter the sig--
nal frornthe-}_rl'm preparation, but considerably altered the in vitro
von_es_ (Fig. 3), 1n fact, Te values show that lybphilizing the 1_n l’}_tﬁ’
'_labeled. mitochondria ‘redncedv the motional freedom considerably. v' "
Howeve_r,f .w_hen the EMlabeled mitochondria'.we re air dried at
room temperatnre the niotional 'freedom'was affected. 'This perhaps
indicates that ’.:extensive‘ devnaturation.of_ the',mito'c'hon'dria may have
-occurred durm‘g air drymg
The dried total 11p1ds extracted from m1tochondr1a that were Sp1n-
labeled in vivo resulted in ESR signals only sl1ght1y more free in mo-
lecular mot1on than the m1tochondr1a1 preparatlons The: preparatmn
of total 11p1ds was 51m11ar to rn1tochondr1a and responded to temper-
Vature changes in the same general wayv (Fig. 4). The phosphol1p1ds
a extracted‘from in vivo ‘spin-labeled mitochondri’a-'a‘nd respuspended '
in water gave ESR signals alm_ost identical to the total dried lipid's,.
in.dicati'ng 'that the aqueous phase had a minimal effect on the s.pi'n'-b .
labeled rn1tochondr1a (F1g 4). | |
12NS bound t1ght1y to structural protein, and ylelded a signal cons1d-_
erably more restricted in molecular motion than the_ m1tochondr'1al
‘preparation (Fig. 5).: 'Ho_wever, it must be emphasized that this'

general type of signal is not unique, since spectra with very similar
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states of 1mmob1114at10n were obtam‘ed when 12NS vvas gently agitated
in solut1on with bovine serum album1n (Slgma), 1ys1ne rich histone
(S1gma), argemne r1ch h1stone (S1grna), crude snake venom, and Carna-
 tion low— fat m11k solids. Lyoph1l1z1ng the structural protem 12NS prep-
-aratmn gave a s1gnal even more restr1cted in mot1on (F1g 5) No s1gnal.
of this type was_obs.erved in the m1t_ochondr1al preparations (see Discus-
sion).' - |

Molecular Env1 ronment

The couplmg constant (A ) is used as a measure of the polar1ty of

the local env1ronrnent of a def1ned nitroxide radical (F1g 1). Thls
value has been shown to vary w1th d1e1ectr1c constant | For Vexvample

a small ‘much used n1trox1de-—2 2,6, 6- tetramethyl 1- oxy1p1perd1nol '
(TEMPOL)--has A = 17. 1 gauss in H O at 25° and AN = 15.2 gauss
in hexa'ne S1nce AN values can eas11y be measured, it is useful in
studymg heterogeneous systems such as membranes to determme the
polarlty of the local environment of the n1trox1de ~42NS has an A

of 14.2 gauss in octadecane and 15.7 gauss in 20% ethanol- ther.etforve,
1t g1ves the same general response to solvent polar1ty as other nitrox-
ides (Table 1). A structurally closely related spin label 2-n1trox1de
propane, vvhich is soluble in either octadecane or water, gives A
values of 14.2 gauss in octadeécane and 16 1 gauss 1mwater. »

The AN values for the mitochondrial and other preparat10ns=,shown

in Table 1 must be considered as approximate, since the hyperfine.
lines of the ESR signal were broadened to the extent that they were
_somevvhat overlapping. The AN values were taken at 60° C on mo_st
samples to minimize this overlap, and it was necessary to heat the

dried structural protein sample to 150° C to achieve a signal in wh_ich'l
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- an AN:co'uld be measured.

All the p'.r'epa‘rat_i'orls were measured as haﬁhg an AN_of 14.2 gauss,
- (the same as in octad.eoane) ‘except the extracted spin-labeled phospho- :
lipid resuspended in \'x}ater, .which‘ was"14_.v5‘ gauss (Table 1). A value:
of 14.5 gauss indicates .eithervan ‘interface area vor a hydrocarbon zone
lhat doee ’.not.' have total water exclusion. The ob.servation that a hydro-
: carbon couplmg oceurred even when 12NS was assoc1ated with struc-ﬁ |
ural proteln may at f1rst be somewhat. surprising. St1ll, 1t seems -
plaus1b1e that a protein of 20, 000 60 000 molecular we1ght might have
at least one hydrocarbon r1ch channel capable of cradlmg a fatty acid

mole_cole. |

De's'trtictlon of Signal. |

N1trox1des have a certain heat’ la.b111ty that is dependent upon the sol-
vent pro‘pert1es.. For example, 12NS in octadecane is stable for half
an hour at 90° C without‘detectable loss of signal, -and for months in
most o_rg.ao.ic‘ lsolvents or 1n water‘ at room”temperature and ﬁeulral pH.
Nitroxidee demonstrate a general 'sensitivity to acld pH but are quile
‘stable in .Baeic media. | |
'Althougl_l we have not precisely quantified the rate at which Neuro-'
spora destr0ys the signal from 12NS duringvgrowth., it is exl:ensively
destroyed over a period of several hoursv. Also, if the '_freshly ex- |
tracted mitochondria are left standing at room temperature for several
hours or stored in the refrigerator for 2 days no signal remains. When
the mitochbndria were advanced through a temperature range, detect-

able destruction occurred at 50-60° C, and at 70° C about half the signal
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was _des,tro_jred in 5- _1,0: minutes. This was most obvious in _the in vivo

labeled preparations, but was also true in the in vitro ones. - No no-

tlceable destructmn occurred in the 1yoph111zed or air- dr1ed mltochon-

dria at these temperatures. Furthermore, no loss of 51gna1 was’ ob-

ser\}ed in'either lipid preparatlon or structural proteln preparatmn.

The addltlon of Nystatm (102 un1ts/ml) antimycin a (10”7 3-M) and
-2

- sodium a21de (10 ‘M) to the m1tochondr1a1 preparatlons reduced or

prevented loss of signal in the same temperature range in Whlch de- ‘
struct_mn was otherwise obs_erved. These pre11m1nary observatwns '
i_ndi'cated that the signal destruction may be enzymi_c in nature (see.
Discuss_ien). | | | |

The addition of 10 moiar eouiuaiente of reduced vitamin C 'caused lo‘ss

of 51gna1 in all aqueous samples, except the structural proteln prep-

'aratmn, in less than 5 ‘min at room temperature (the concentratlon of |

12NS in the in _\i\_r_o_ labeled mitochondria was est1mat.ed by comparlng
signal inteneities). Vitarnin C (10 .equivalents) caused loss of signal
in aqueoue environments or aqueous diepersione of phos‘pholipids; how-
-e‘ver, extraction of the spin label into organic solilv‘ent 'restOred the‘lsig'-
nal.  Spin label treated in this manner coduld -be_ restored‘to fre'sh aque-

ous medium with no loss of signal. On the other hand, similar extrac-

tion of t_he mitocho-ndria after biologic'al destruction of spin yielded no

restoration of signal. .= Therefore, the loss of signal in mitochondrial
preparations was probably by a mechanism different from that for vita-

min C de:struction.
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DISCUSSION
.Most'trad.itiona-l methopds for stud‘Yi»nvg .rne}!rnbranes-'present a .tinn‘.e- l .: : -
‘__ave_rag'e_d.or»statilc irnag.e.' Spin labels, in contrast, are.1deal for ob- o
: taining quantitative inforrnatl_on about molecular ‘rnoblllty.'. Currently,
' ‘rel_ativel)r' ‘accurate r'otat_iona-l correl-ation ti_rnes | ('rc) can be 'measured.

between 1'0'-8 and 10-10 sec; when adequate theory or cornputer—' |

s1mulated spectra (or both) are developed this can be extended to 10 . -7

10~ 10 sec. Although these and other :measurements from.spm labels
can be quant1f1ed there remalns a vahd cr1t1c1sna in usmg these tralues
" in membrane stud1_es. For, . at best the orgamsm ‘will accept a n1-
troxide-containing .’molecule as an 1ntrude‘r. 12NS is acylated by Neuro-
spora 1nto complex 11p1ds (mostly phosph011p1ds)(4) and we have made '
the assumpt1on that these n1trox1de-conta1n1ng structures are not treated
with extensive pre_]ud1ce by the - orgamsrn 'If’our assumpt1on is true
then these observat1ons reflect the env1ronment and behav1or of a natwe
: constltuent fatty acid. ) “ |
‘ Motione

The fre'e'd.orn.of motion in Neurospora rnitochondria as viewedv'bj'( s.pvin—‘
'labeling_ :is':'consistent with either a ''unit memibrane' or "su‘bunit” model
for membrane structure. _The..data show the 12NS .was'in a semi\tiscous
hydrophobic environment. A .closer inspection of the data reveals that
“even though 12NS hydrophobically associates with structural protein. 5
iP_‘QEQ’ .no such binding was ovbserv.ed in the mitochondrial preparations
(Figs. 2 and 3). Structural protein bound 12NS tighter and offered far

more protection from the effects of vitamin C than the mitochondrial:or v
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' p‘hosphdlipid_. safnples. The 12NS in the structural pvrotein—"i.Z_NS sam-
.ple' wa's. about 1% of the protein weight; cons equén_tly, it was not typ-

‘ical of the lipid: protein ratio in mitoéhondria. Nonetheless, if similar

lipid-p';"vo’;éi.‘n associations welre. :present 1n the r:nit_ochondri‘a-.then this
immoboliivééd_.svig‘nai would have remaiﬁed a.txfte'r_vvitamin"C had destroyed
the honé.rofein as‘soci‘aited'.sigljlal. No such éignal was obs'er’ved even
when thé‘_hSp‘ect_vromet.erv sénsitivity v}asl incrveavsed as much as 100 times
.folllo,wing vitamin C ’:cre‘atme'nt.

Fig. 6b shc;ws' that. the Te values; for the EV_IVE preparation we re’ much
closer to the phéspholipid vé.lu}esvbut still had'_'some "protein'_" in;fluenc_e,
since til_e Te values were‘ alWay'sv between the phdsphol‘ipic?.an:d sfruc-—
tural plv'o_t"e,in—'12NS pr‘eparatior(l‘s. .It may also be noted thatv the 3_13_\7_1_13_1:9
‘in_corpora‘,‘te,d 12NS resulted in .Specf};fa almost idenffcé,l fo t'h.at of thg_
phosphdlipi‘d prepa ration,‘ indigafing that under in \_r_igﬂcondiition’s '12NS '
is dis solv_e‘d' in phospholipid- ri;:h zonés. VThereforie there may be sdme
édditibnal structural limitations on fatty acids.tha‘.t are in vivo incorpo-
ré,ted_. If 12NS accurately reflected the é‘nvironment of the hydrocar-
bon po‘rtion’vs.of fatty acid-containing structures, then'there probably is
no (or very little) hydrophbb_ic as'sociétion between the lipid and pr_btéin

elements of these membranes.

Environment.

The c'dupling constant (AN.) data .(Table 1) suggest the 12NS was local-

ized in regions of water exclusion in all the mitochondrial preparations,

 yet vitamin C at about 10 molar-'equivalents éompletely:destroyed the

signal. " Therefore, even though 12NS was in a hydrophobic environment
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it was still accessible to vitamin C. The explanatlon of this is not :

: clear, but we 1mag1ne that some type of exchange event could be re—

. spons1b1e.for th_e_- ability of v1tam1n C, a water_-.soluble, compound,- to

destroy“a signal mediated from a hyd.rocarbon envi-ronment Even

more surpr1s1ng is the observation that 10 equ1valents @f vitamin C re-

sulted in no detectable destruction of the s1gna1 ar1s1ng from the struc-

" tural protem— 12NS aqueous preparatlon, even in 48 hours at room’ tem-

perature, 1nd1cat1ng that th1s proteln has at least one hydrocarbon 11ned
channel in Wthh to cradle a fatty acid molecule ‘This as soc1at1on must
envelop the fatty acid w1th hydrocarbon rich groups so tlghtly that vita- -
min C is excluded and the fatty acid is unable to move 1ndependently
If the assumptmn is made that {12NS is r1g1d1y f1xed to the protem struc—
ture then it is poss1ble to est1mate the rad1us (r) of the rotating’ part1c1e
by u's1ng Stokes equat1on _for v1SCOS1ty,
_ 4mqy .3 | o s

Te T TIRT o RS

where "'r]‘_i.s the vis,__cosity of water, k is Bo'lt'_zmanh".s constant; ar‘id T

is the temp’e_rature in °K. Using the value of Te for the structural

protein- 12NS preparation at 60° C, one can ca_lculate the radius to be

about 22.3 A. By assuming a spherical particle with a density (p) of

1.2 g/'cm3 an estimate of the molecular weight of the structural pro-

‘tein— 12 NS complex can be made. This is given by

MW = 0. 8‘n’pr3. (4)

* This y1e1ds a protein w1th a molecular we1ght of about 33' 400, wh1ch

seems to be a reasonable value. The motlon observed in the structural

protein- 12NS preparation can thus be accounted for by the motion of the
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— E’aggregate, and need not be accounted for by 1ndependent motlon of

‘ "'7V12NS relatlve to. the structural proteln molecule =

. Th1s work was supported by PHS grant AM12939 and AEC Contract N0.
. VV 7405- eng 43 R S e
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TABLE 1

NITROGEN HYPERFINE COUPLINGS FOR 12NS AND 2NP IN VARIOUS
-~ ENVIRONMENTS '

© Spin Label I . Matrix ‘. ' ’ AN ifrglp'

42NS - octadecame 142 25
12NS . octadecaﬁe ' - o o 142 60
2NP octadecan_e. _. - . 14.:2. .25
| VZNPV’_" o \‘x‘/ate'r'v h I 164 25

12NS  20%Ethanol . 5.7 25

12NS . Mitochondria in vivo (H,0) 142 60
12NS . Mitochondria in vitro (H,0) 14260
12NS.  Mitochondria in vivo (lyoph.) 14.2 60
12NS Mitochohdria in vitro (lyoph.) I 142 60
12Ns Phospholipid (H,0) o R v, 14.5 60
12NS o Structurai protein (HZO) EE | o - 14.2 o 80_._ :
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FIGURE LEGENDS

1. »First-.d.erivative ESR absorption of 2NP in different environ-

“ments, '--éhowing the effects of medium polarity and viscosity on

the spéctra.’

2. Effect of temperature on. the ESR spectra df N.eurovsp:ora
rﬁitiochondri»a épin—labeied in vivo. |

3. Effec_:t :of.t‘empverature' on the ESR spectré. of Ne_uro'spo_r.a

mitochondria spin-labeled in vitro.

. 4. Effect of tempera’qufe on the rﬁobility of 12NS in Neuréspof_a total

lipids,(driéd) and an aqueous su_spensiOn of Neurospora phosphblipids.

. 5. Effect of temperature on the mobility of 12NS in mitochon-

d_r'iavi structural protein from Neurospora.

6. ‘Rotational correlation times as a function of temperature

 for various spin-labeled rnitochdndrial preparations_ émd‘ex-

tracts.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: ,

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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